Abstract. We examine the possibility to extract information about the DN andDN interactions from thepd→D 0 D − p reaction. We utilize the notion that the open-charm mesons are first produced in the annihilation of the antiproton on one nucleon in the deuteron and subsequently rescatter on the other (the spectator) nucleon. The latter process is then exploited for investigating the DN andDN interactions. We study different methods for isolating the contributions from the D
Introduction
The distortion of charm in nuclear matter remains an heavily discussed issue since the first proposals [1] to use charmonia and open charm as a probe of the early stage of heavy-ion collisions, for a review see [2] . It was expected [3] that charmed final-state interactions (FSI) either at the partonic or the hadronic rescattering level would not distort the spectra initially produced in heavy-ion collisions, because the cross sections for any such (elastic and inelastic) scattering processes are sufficiently small. Furthermore, gluon radiation or bremsstrahlung [4] [5] [6] , which distorts the original charm spectrum as well, becomes the dominant energy loss mechanism only if the heavy charmed quarks are ultra-relativistic. That is similar to the bremsstrahlung losses of electrons passing through a hydrogen target [7, 8] . However, in the present experiments a large fraction of the heavy quarks are produced with momenta less than their mass and therefore the radiation losses might be negligible. In that case the heavy charmed quarks and antiquarks and, specifically, the finally detected D andD mesons are presumably not distorted in the nuclear environment and thus can probe the initial stage of the interaction, possibly, the Quark Gluon Plasma.
On the other hand it was argued [8] [9] [10] [11] that the two basic processes involved in the energy-loss mechanism of charmed particles moving in nuclear matter, namely gluon radiation and elastic scattering, might be equally important and non-negligible. Only recently the situation changed due to the PHENIX and STAR experiments [12] [13] [14] [15] at the Relativistic Heavy Ion Collider (RHIC). These new measurements indicate a substantial suppression of the production of open-charm mesons with transverse momenta above ≃1 GeV/c from central Au+Au collisions, as compared to that from d+Au collisions. This observation could not be assigned to gluon radiation of charm and thus indirectly points to an importance of distortions due to the FSI.
Apparently, the interactions of charmed quarks or antiquarks in nuclear matter are not the same as the interactions of open-charm mesons. However, it is clear that a reasonable understanding of elastic scattering involving particles with charm on a hadronic level is highly important. While one could not measure directly the interaction of the charmed and light quarks and antiquarks, the DN andDN interactions can be studied experimentally. These could serve as a basis to construct phenomenologically the charmed FSI at the partonic rescattering level.
The basic problem is the complete lack of relevant experimental data. This situation is expected to change with the operation of the Facility for Antiproton and Ion Research (FAIR) at Darmstadt (Germany). The Proton ANtiproton at DArmstadt (PANDA) Collaboration [16] intends to investigate the distortion of open-charm mesons [17] [18] [19] in matter and in the vacuum. The matter measurements are based on D andD meson production in antiproton annihilation on different nuclei in order to study the A-dependence. The vacuum measurements explore the production of open-charm mesons by annihilating antiprotons on the deuteron and, through the rescattering of the produced D andD mesons on the spectator nucleon, the interaction in the DN andDN systems.
In the present paper we examine the possibility to extract information about the DN andDN interactions from thepd→D 0 D − p reaction. The study is based on the notion that those open-charm mesons are first produced by annihilating the antiproton on one of the nucleons in the deuteron and subsequently rescatter on the other (the spectator) nucleon. The latter process is then exploited for investigating the DN andDN interactions.
To explore the potential of pertinent experiments we perform concrete calculations taking into account the nucleon exchange Born diagram, corresponding to the elementaryN N →DD annihilation process, cf. Fig. 1a) , as well as rescattering diagrams involving the DN and theDN interactions, see Fig. 1b ). For those interactions we employ realisticDN →DN [20] and DN →DN [21] scattering amplitudes. This is a substantial improvement as compared to previous studies [22] [23] [24] which relied on rather simple assumptions as far as the DN andDN scattering amplitudes were concerned.
The paper is structured in the following way: In the subsequent section we introduce briefly the formalism used for calculating the reactionpd→D 0 D − p. The utilized interaction models in theDN and DN channels are introduced and discussed in Sect. 3. In particular, we present results for total and differential cross sections for the various charge channels. In Sect. 4 a short overview on our present knowledge on the elementaryN N →DD reaction is given. Our results for the reactionpd→D 0 D − p are shown in Sect. 5. Here the emphasis is put on the exploration of different methods for detecting and isolating the contributions from the D 0 p and D − p rescattering terms. For that purpose we consider the spectator momentum distribution, Dalitz plots, the missing mass of the exchanged meson and correlations between properly defined scattering planes. The paper ends with a brief summary. As a test of our approach we also apply it to multipion production inpd annihilation and we compare our results with data available for thepd→π + 2π − p and pd→2π + 3π − p reactions. Those results are included in an appendix.
Formalism
In this section we introduce the formalism we use to investigate the effects of the DN andDN interactions in antiproton annihilation on the deuteron. Fig. 1 illustrates processes contributing to the reactionpd→DDN . The diagrams of interest are the nucleon exchange Born diagram, Fig. 1a) , and the meson rescattering diagram, Fig. 1b ). The corresponding amplitudes will be denoted below by T a and T b , respectively.
In what follows we assume for convenience that the spectator nucleon -the nucleon that does not enter the annihilation vertices -is the proton. The case of a neutron as spectator can be treated in a similar manner. The nucleon exchange Born diagram, Fig.1a) , leads to the wellknown reaction amplitude [25] [26] [27] 
where ψ d (p s ) is the momentum-space deuteron wave function, with p s being the proton spectator momentum, and T A is the amplitude for thepn → D − D 0 annihilation process. After summation over spin states the squared amplitude is given as where u and w stand for the s-and d-wave components of the deuteron wave function. The overall size of the nucleon exchange contribution in Fig. 1a ) is determined by the annihilation amplitude T A , which depends on the meson channels produced in thepn annihilation. On the other hand, the spectator momentum distribution is governed predominantly by the deuteron wave function, as indicated in Eq. (2), provided that T A is a slowly varying function of the energy. Next we consider the rescattering diagram of Fig. 1b ) where one of the mesons produced at the annihilation vertex is scattered off the spectator nucleon. In general, the intermediate meson in this diagram is not necessarily the same as the final rescattered meson. It could be an intermediate D * vector-meson, for example. Thus, in principle a sum over all possible intermediate states is required. But in the following let us regard explicitly the features of the rescattering mechanism involving elastic M p→M p scattering only. Note that the formalism can be easily extended to other, non-diagonal transitions. We average over the spins in the annihilation and scattering vertices and take into account only the s-wave component u(p s ) of the deuteron wave function. The d-wave component is expected to play a much less important role for the rescattering contribution [27, 28] and, therefore, we ignore it here in this exploratory study. The integration for the rescattering diagram runs over the three momentum of the spectator proton in the loop and can be split into on-shell and off-shell parts, which we denote by T . The on-shell part is defined by taking the intermediate proton to be on-shell and is given as [27, [29] [30] [31] [32] ]
where T M is the meson-proton scattering amplitude, q is the internal proton loop momentum,
with m p the proton mass, and p is the sum of the momenta of the final proton and the rescattered meson. The limits of the integral are given by [33] q ± = |p| where m ex is the mass of the exchanged meson. In the present exploratory study we do not take into account those off-shell contributions. We stress again that these are highly model-dependent in any case. Let us emphasize the general features of the reaction. It is clear that the spectator proton momentum spectrum is sensitive to the reaction mechanism. The nucleon exchange Born term |T a | 2 , given by Eq. (2), produces low and high momentum components, where the high momentum part of the spectator distribution is dominated by w(q), the d-wave component of the deuteron wave function. The d-wave component is more strongly model dependent and, therefore, the corresponding contribution of the Born term to the high momentum part of the spectator distribution is afflicted with some uncertainties. However, any really significant enhancement in that spectator distribution with respect to the results based on the Born term can be definitely attributed to meson rescattering processes on the spectator. Since the scattering amplitude T b is directly proportional to the M p→M p amplitude T M and the annihilation amplitude T A enters both the Born and rescattering diagrams, the enhancement in the high momentum part of the spectator distribution is related to the relative magnitudes of their contributions and, thus, essentially driven by the scattering amplitude T M .
In any case, the isolation of the effects of T M from the data is by no means a trivial task. There are also uncertainties related to possible contributions from other processes besides those considered above, as well as uncertainties related to the evaluation of off-shell corrections to the scattering amplitude beyond Eq. (6) . Nonetheless, the situation is still manageable since those uncertainties can be kept under control to some extent by selecting carefully the reaction kinematics -see for example Ref. [36] .
Our predictions for thepd→DDN reaction are presented and thoroughly discussed in Section 5. In the Appendix we illustrate the applicability of the formalism to the proton spectator distributions as measured in thē pd→π + 2π − p andpd→2π + 3π − p reactions. Besides providing support for the reliability of the approach adopted for the present investigation, those results are also useful for revealing similarities but also differences in the utilization of the reactionpd → nM N for exploring the M N interaction for different mesons and/or different kinematical regimes.
All calculations are done with the deuteron wave function of the CD-Bonn N N potential [37] . But for shedding light on the model dependence we also emply the wave functions of the Paris [38] and full Bonn [39] N N potentials. We ignore the effects of the Coulomb interaction in this exploratory study. Furthermore, we use averaged masses. Specifically, we use m D = 1866.9 MeV for the mass of the D andD mesons.
TheDN and DN interactions
Considering charm and charge conservation antiprotondeuteron annihilation allows to study the following Dmeson production reactions
They involve theDN as well as the DN scattering amplitude. Here we investigate only thepd→D 0 D − p reaction. We select this channel because, in principle, all final particles can be measured for this reaction, which implies that there should be less uncertainties in the data evaluation discussed in the present study. For example, in case of the neutron as the spectator one needs to use the missing mass reconstruction technique. In this context let us [7] . For the full reconstruction of the final state of thepd→D 0 D − p reaction it is therefore important that both semileptonic and hadronic modes are detected with high accuracy. This should be kept in mind for the design of future experiments, e.g., of the PANDA experiment [16] . High accuracy is crucial for identification of DN andDN rescattering effects, whose absolute values and energy dependences could be very different, as indicated by several studies using different models [22, [40] [41] [42] [43] [44] , and as will become clear from the present work, too. The identification of the different effects might be possible when a full reconstruction of the final state is feasible.
TheDN amplitude
For theDN scattering amplitude we use the results of our recently published potential model [20] . This model for theDN interaction was constructed within the mesonexchange framework, but supplemented with a short-distance contribution from one-gluon-exchange. The model was developed in close analogy to the meson-exchange KN interaction of the Jülich group [45, 46] utilizing SU(4) symmetry constraints. The main ingredients of the interaction are provided by vector meson (ρ, ω) exchange and higher-order box diagrams involvingD * N ,D∆, andD * ∆ intermediate states. The short range part is supplemented by additional contributions from genuine quark-gluon processes [47, 48] . The reaction amplitude is obtained by solving a Lippmann-Schwinger type scattering equation for the interaction potential. The features of theDN amplitude based on this model are much more realistic than the ones employed in previous studies [22] [23] [24] . Indeed, in the former studies the D − p cross section for instance was assumed to be momentum independent and equal to ≃20 mb [22, 24] or 5 mb [23] . Moreover, the angular dependence of the elastic scattering was assumed to be either isotropic [22, 24] or forward peaked [23] , i.e. proportional to exp(bt), where t is the four momentum transfer squared, with a slope b=2 GeV −2 . The reason for such assumptions was the lack of any microscopic calculations of theDN scattering amplitude in those days.
To illustrate the differences between the previous calculations [22] [23] [24] and the results of Ref. [20] we show in Fig. 2 predictions for the
n reaction cross sections as a function of theDmeson momentum (lower axis) and the cm kinetic energy ǫ (upper axis). It is clear that the scattering cross sections for all channels depend significantly on theD-meson momentum.
Note that theDN scattering amplitudes for the different reaction channels shown in Fig. 2 are related to the isospin basis used in Ref. [20] by
where f 0 and f 1 are the isospin I=0 and I=1 amplitudes, respectively. Differential cross sections for D − p→D − p at different momenta are presented in Fig. 3 . The distributions are almost isotropic for momenta below ≃500 MeV/c, but become forward peaked at higher momenta. Note that there is no simple way to parametrize the angular dependence with functions like exp(bt) [23] , unless the slope parameter b is taken to be momentum dependent.
For completeness, let us mention that other models of theDN interaction have been published in recent years [41, 49] . Those authors considered s-waves only. The cross sections predicted by these models at threshold are 8.5 
The DN amplitude
The DN interaction [21] employed in the present study is also constructed in close analogy to the meson-exchangē KN model of the Jülich group [50] as well as by exploiting the close connection between theDN and DN systems due to G-parity conservation. Specifically, the latter constraint fixes the contributions to the direct DN interaction potential while the former one provides the transitions to and interactions in channels that can couple to the DN system. Accordingly, the DN interaction is likewise provided by vector-meson (ρ, ω) exchange and higher-order box diagrams involving D * N , D∆, and D * ∆ intermediate states. The short-ranged quark-gluon processes, however, are absent here because the quark-exchange mechanism cannot contribute to the DN interaction due to the different quark structure of the D meson. As far as the coupling to other channels is concerned, we follow here the arguments of Ref. [50] and we take into account only the channels πΛ c (2285) and πΣ c (2455). Furthermore, we restrict ourselves to vector-meson exchange and we do not consider any higher-order diagrams in those channels. Pole diagrams due to the Λ c (2285) and Σ c (2455) intermediate states are, however, consistently included in all channels.
In this basic model all free parameters -the coupling constants and the cut-off masses at the vertex form factors of the occurring meson-meson-meson and meson-baryonbaryon vertices, cf. [50] -are fixed by the assumed SU(4) symmetry and the connection with theKN model, respectively. When solving the coupled-channel LippmannSchwinger equation with this interaction model we observe that two states are generated dynamically below the DN threshold, one in the S 01 partial wave and the other one in the S 11 partial wave. (We use here the standard spectroscopical nomenclature L I 2J .) In view of the close analogy between our DN model and the correspondingKN interaction [50] this is not too surprising, because also the latter yields a quasi-bound state in the S 01 channel which is associated with the Λ(1405) resonance. The bound states in both theKN and DN are generated by the strongly attractive interaction due to the combined effect of ω, ρ and scalar-meson exchanges, which add up coherently in specific channels.
It should be said that studies of theKN and DN interaction within chiral unitary (and related) approaches likewise generate the Λ(1405) resonance dynamically but also states in the DN system [41, 44, 51] . In those approaches the strong attraction is also provided by vector-meson exchange [41] or by the Weinberg-Tomazawa term [44, 51] . In Refs. [42, 44, 49] the authors argued that the state occuring in the S 01 channel of the charm C = 1 sector should be identified with the I = 0 resonance Λ c (2593). We adopt this viewpoint here too. Furthermore, we identify the state we get in the S 11 channel with the I = 1 resonance Σ c (2800) [7] .
In order to make sure that the DN model we are going to apply in our study of the reactionpd→D 0 D − p incorporates these features also quantitatively we fine-tune the contributions of the scalar mesons to the DN interaction so that the position of those states generated by the model coincide with the values given in the list of the Particle Data Group. This can be achieved by a moderate change in the coupling constants of the σ meson (from 1 to 2.6) and the a 0 meson (from −2.6 to −4.6), cf. Table 2 in Ref. [20] . Interestingly, our model generates a further state, namely in the P 01 partial wave, which, after the above finetuning, lies at 2803 MeV, i.e. just below the DN threshold. We are tempted to identfy this state with the Λ c (2765) resonance, whose quantum numbers are not yet established [7] . Though we do not reproduce the resonance energy quantitatively, we believe that further refinements in the DN model, specifically the inclusion of the Λ c ππ channel in terms of an effective σΛ c channel, can provide sufficient additional attraction for obtaining also quantitative agreement. The mechanism could be the same as in case of the Roper (N * (1440)) resonance, which is generated dynamically in the Jülich πN model [52, 53] . Here the required 
where f 0 and f 1 are the isospin I=0 and I=1 amplitudes respectively. Obviously, also the DN cross sections show a significant momentum dependence in all charge channels. Furthermore, the cross sections are substantially larger than those we obtain forDN . Specifically, for the pure I = 1 channel D 0 n the cross section amounts to almost 600 mb at threshold. This is not too surprising in view of the nearby quasi-bound state. The latter is also reflected in the s-wave scattering lengths, 
namely by the rather large value of the real part in the I = 1 channel. For completeness, let us mention here that the scattering lengths of the DN interaction of Hofmann and Lutz [41] , reported in [43] , amount to about −0.4 fm for both isospin channels. In agreement with that work we find that the imaginary part is negligibly small for I = 0. However, contrary to [43] in our DN model this is not the case for the I = 1 channel. Angular distributions for the reaction D 0 p→D 0 p are shown in Fig. 5 . Obviously, there is a strong anisotropy already at fairly low momenta. It is due to significant contributions in the P 01 partial wave in this momentum region induced by the near-threshold quasi-bound state produced by our model, as discussed above. For higher momenta the differential cross section becomes forward peaked, similar to the predictions of our model for theDN system.
Further details of our DN model will be reported in a forthcoming publication [21] .
4DD production inpN annihilation
The total cross section for the reactionpd → D 0 D − p depends crucially on the elementaryN N →DD annihilation amplitude T A . Unfortunately, so far there is no experimental information about this reaction and even theoretical studies are rather scarce [54] [55] [56] . In Ref. [54] results were given for the reactionpp → D − D + in a quark plus diquark model, where the elementary flavour changing process is due to diquark-antidiquark annihilation and subsequent creation of a quark-antiquark pair through one gluon. Kaidalov and Volkovitsky calculated the reaction pp →DD in the framework of a non-perturbative quarkgluon string model, based on secondary Regge pole exchanges including absorptive corrections [55] . The result of both works are summarized in Fig. 6 . The larger cross sections are predicted by the model of Ref. [54] with a maximal value of around 0.15 µb at p lab = 12 GeV/c corresponding to √ s ≈ 5 GeV. The model of Ref. [55] yields σp p→D 0 D 0 ≈ 0.05 µb at the maximum, while the one for pp →D − D + is a factor of 4 smaller. In both approaches, the unknown parameters of the models were fixed by considering corresponding flavour changing reactions involving strange quarks (pp →KK and/orpp →ΛΛ, etc.).
Superficially the predictions of the two studies are qualitatively similar, specifically forpp →D 0 D 0 which in case of the model of Kroll et al. [54] is suppressed by roughly a factor four as compared to the prediction forpp → D − D + [57] so that its maximal value would then practically coincide with the one obtained in [55] . However, for the reactionpp → D − D + the magnitudes of the cross sections differ by more than a factor of 10. Furthermore, there is a significant difference in the energy dependence of the two model predictions, as seen in Fig. 6 , so that the variations of the predictions are even larger in specific energy regions.
Admittedly, those results are only of limited use for our own investigation of thepd → D − D 0 p reaction. For example, for the amplitude corresponding to the reac-
which cannot be reconstructed from the available information about those models. The other contributions to the reaction amplitude, involving (DN orDN ) chargeexchange rescattering,
respectively, but here the relative phase between the terms is not known. Thus, we are facing the problem that we either have to add all contributions incoherently and make additional assumptions about the isospin dependence ofNN →DD or we consider only the amplitude involving elastic DN andDN rescattering. We prefer the latter option. In this case we can add the Born term and the DN andDN rescattering contributions coherently, because they all involve the same elementarypn → D − D 0 annihilation amplitude, and we can include the resulting interference effects in the evaluation of the observables. However, absolute predictions are out of reach and all results will be shown as number of events only. On the other hand we consider the energy dependence of the elementarȳ pn → D − D 0 annihilation amplitude in our calculation by adopting the results given in [55] forpp →DD. But we should say that its influence on the observables shown in the present paper is practically negligible.
Open charm production inpd annihilation
Now we present results for D 0 D − production in antiprotondeuteron annihilation utilizing the formalism and the elementary DN andDN amplitudes described above, taking into account the Born diagram of Fig. 1a ) and the rescattering diagram of Fig. 1b) . For the latter we consider both D − p and D 0 p scattering in the final state. Thepn→DD threshold on a free nucleon corresponds to the antiproton momentum of roughly 6.43 GeV/c. The absolute threshold for theDD production in antiproton-deuteron annihilation is at the antiproton momentum of 4.55 GeV/c. Evidently, close to the reaction threshold the production rate will be strongly suppressed by the phase space. We choose for our calculation the antiproton momentum of 7 GeV/c, corresponding to the region where the model calculation of [55] predicts the largest cross sections for the elementaryN N →DD reaction.
Spectator momentum distribution
In Fig. 7 we present our predictions for the spectator proton momentum distribution. Here the solid histogram indicates the full result that includes the Born and the rescattering diagrams while the dashed line is the result based on the nucleon-exchange Born diagram alone, both obtained with the deuteron wave function of the CD Bonn N N potential [37] . Since the absolute normalization of the reaction cross section is quite uncertain we show the results as number of generated events.
The dotted and dash-dotted curves are results for the Born term alone employing the deuteron wave functions of the Paris [38] and full Bonn [39] potentials, respectively. Obviously, there is some model dependence which becomes more pronounced for spectator proton momenta above 300 MeV/c. But the rescattering mechanism is definitely by far the most dominant effect for momenta from around 400 MeV/c upwards. Since rescattering occurs in both D − p and D 0 p systems one needs to apply specific methods to separate their contributions in a reliable way, as will be discussed below.
In comparison to the multipion production case, cf. Figs. 11 and 12 in the Appendix, the enhancement due to the rescattering processes sets in at noticably higher spectator momenta and is also less pronounced. It was argued [25, 26] that the strong enhancement seen in the proton momentum spectrum for the multipion reactions is to a good part due to the excitation of the ∆(1232) resonance in the πN rescattering processes. Though our DN scattering amplitude is dominated likewise by poles, in several partial waves, cf. the discussion above, their influence on the momentum spectrum seems to be smaller, presumably because they all lie below the DN elastic threshold. The enhancement we get for thepd→D 0 D − p reaction seems to be somewhat smaller than what was reported in an earlier model calculation by Cassing et al. [23] . But one has to keep in mind that in the latter work the contribution of the d-wave component to the Born (spectator) term was neglected and, moreover, the results for the Born term and the rescattering term are shown separately, while we added them coherently in our calculation.
Dalitz plot
A well-known method for the reconstruction of the reaction dynamics is the Dalitz plot analysis of the final state [33, [58] [59] [60] [61] . For instance, for multi-pion production frompd annihilation the presence of rescattering effects was demonstrated via the projection of the Dalitz plot on the invariant mass spectrum of the final πp system [32, 62] . An analysis in form of a partial wave decomposition of the Dalitz plot was proposed [58] [59] [60] for the pp→pK + Λ reaction, which finally allowed to study and separate [61] non-resonant and resonant contributions in the K + Λ subsystem. A similar technique could be applied in the anal- Dalitz plot show the distribution produced by the relevant scattering amplitudes.
The final distribution, shown in Fig. 8d ), corresponds to a calculation that includes the Born diagram plus both rescattering diagrams. It is fairly non-uniform and clearly indicates substructures resulting from the individual reaction mechanisms.
Missing mass of the exchanged meson
A method [63] that could be useful for the separation of theDN and DN rescattering contributions is based on the assumption that the dominant part of the rescattering amplitude comes from contributions where the particles in the intermediate state are on shell. We should emphasize that this method has no physical meaning when it comes to the off-shell part of the rescattering diagrams because then the exchanged meson is virtual.
Under the assumption that the charmed meson and nucleon are on-shell before undergoing rescattering, one can reconstruct the four-momentum of the meson in the loop following the missing mass technique via
where P s and P D − are the four-momenta of the spectator proton and the final D − meson, and P N is the fourmomentum of the nucleon in the loop (i.e. the one involved in the rescattering process), given by the loop momentum q and energy E q as in Eq. (3). Let us assume for the moment that the scattering process takes place on a free nucleon at rest. Then we would get P It is clear that the Born term as well as D 0 p scattering would not lead to such a distribution because in this case there is no correlation between the four-momenta in Eq. (18) .
In Fig. 9 we present results for the missing mass of the exchanged meson as given by Eq. (18) Fig. 9 look very promising with regard to the possibility for a separation of the reaction mechanisms. However, one should keep in mind that there are uncertainties due to the on-shell assumption made in the model calculation as well as in the evaluation of the missing mass, which cannot be quantified easily. Nonetheless, we want to mention that this method was actually used in Ref. [63] in the data evaluation and reconstruction of the hyperon production mechanisms in antiproton annihilation on xenon nuclei. Recently, this missing-mass method was also utilized for the analysis of K + K − pair production from carbon [64] . It is important to stress that the method cannot and should not be applied for too high momenta of the spectator proton, where the reaction is dominated by off-shell contributions and, therefore, the basic assumptions of the method are evidently no longer valid.
We have also performed calculations of the missing mass distribution for the corresponding case of a final D 0 meson where one can isolate the D 0 p rescattering contributions. The results are qualitatively very similar to the D − case and therefore we do not show them here.
Correlation between the scattering planes
Finally, we discuss the correlation between the two scattering planes [65] . One plane is given by the momenta of the antiproton and of the spectator proton. The other one is fixed by the momenta of the antiproton and of the produced charmed meson, the D − meson, say. Then, due to the conservation of the transverse momenta in the D − p→D − p scattering process the azimuthal angle between these planes is peaked around φ≃180
• . This correlation simply follows from the reaction kinematics. If the spectator proton is at rest before the scattering and the D − -meson has no transverse momentum, then, after 
Summary
In this paper we examined the possibility to extract information about the DN andDN interactions from thē pd→D 0 D − p reaction. We utilized the notion that those open-charm mesons are first produced by annihilating antiprotons on the deuteron and subsequently rescatter on the remaining (spectator) nucleon. The latter process is then exploited for investigating the DN andDN interactions. To explore the potential of a corresponding experiment we performed concrete model calculations taking into account the nucleon-exchange Born diagram as well as rescattering diagrams.
As a test of the approach we first applied it to multipion production inpd annihilation and we compared our results with data available for thepd→π + 2π − p and pd→2π + 3π − p reactions. These data [66] [67] [68] show strong evidence for contributions from πN →πN rescattering, which can be seen in the spectra of the spectator proton and invariant mass distribution of the final pion and proton. We obtained very reasonable agreement with the data available for the spectator proton distributions.
In our investigation of thepd→D 0 D − p reaction we utilized realisticDN →DN [20] and DN →DN [21] scattering amplitudes. This is a substantial improvement over previous studies [22] [23] [24] which employed simplisticDN and DN scattering amplitudes based on somewhat questionable assumptions.
We found that below spectator momenta of around 300 MeV/c the reaction is dominated by the nucleonexchange Born diagram. For higher spectator momenta there is a sizable contribution from the rescattering diagrams. In particular, their contribution is significantly larger than the uncertainties due variations in the highmomentum component of the deuteron wave function. Thus, selecting events with spectator momenta above 300 or 400 MeV/c, say, should allow to obtain a data sample that can be used for extracting information about the DN and DN interactions.
Subsequently we explored different methods for isolating the contributions from the DN andDN rescattering terms. We showed that the missing mass technique and the correlation between the planes given by the scattered meson and nucleon allow a reasonable reconstruction of the reaction dynamics and to separate the contributions ofDN rescattering from those of DN rescattering. Since these methods are based on the reaction kinematics we consider them as promising tools to extract information on theDN and DN interactions from the reaction pd→D 0 D − p. A Multi-pion production inpd annihilation
To illustrate the applicability of the discussed formalism we consider experimental data available for the reactions pd→2π + 3π − p andpd→π + 2π − p obtained at the Low Energy Antiproton Ring (LEAR) at CERN using annihilation at rest in a hydrogen gas [66, 67] and at the Brookhaven National Laboratory (BNL) using the deuterium bubble chamber [68] .
We calculate the proton spectator distribution by summing the Born and rescattering amplitudes and integrating over the 6-body and 4-body final states. The calculations are done with the deuteron wave function of the CD-Bonn potential [37] . Available data [69, 70] on pion multiplicities forpp annihilation at rest and in flight show practically no dependence on the antiproton momentum within the range up to ≃100 MeV/c. Therefore, we assume the annihilation amplitude T A to be a constant. The spectator proton momentum distribution was measured in different experiments [66] [67] [68] and the data were published with arbitrary normalization depending on the total number of detected events. Therefore, we normalize our calculation to the data but we also normalize the different data sets to each other, as explained below.
For evaluating the contribution from pion-nucleon rescattering we use the current solution of the GWU/CNS partial wave analysis [71, 72] . We account for isospin and topological factors following the prescription given in Refs. [30, 31, 35] . The phase-space integration is done by the Monte-Carlo method based on event-by-event simulations. This allows us to apply kinematical cuts on the final pion momenta similar to that discussed in Refs. [66, 67] in order to investigate discrepancies between the data at spectator proton momenta below 250 MeV/c. We will come back to this issue later.
Experimental results for the proton momentum distribution for the reactionpd→2π + 3π − p are shown in Fig. 11 . The squares [66] and circles [67] are data from the LEAR facility while the triangles are from an experiment [68] at the Brookhaven National Laboratory (BNL) using the deuterium bubble chamber.
The basic difficulty in the counter measurements [66, 67] is the reconstruction of the low-momentum part of the spectator spectra. As mentioned in Ref. [66] , for the direct proton detection at least transverse proton momenta of 130 MeV/c are required. The very low momentum protons can be only reconstructed through exclusive measurements of the final pions and applying the missing momentum method. But such a reconstruction introduces additional uncertainties in the low momentum spectator spectra. To avoid any ambiguity we normalized all data sets at momenta around 400 MeV/c, i.e. at values where the proton spectator momentum was measured directly. This normalization emphasizes that the shape of the measured spectrum from the different experiments is almost identical at higher spectator proton momenta. On the other hand, we see a substantial disagreement between the available data [66] [67] [68] at momenta below ≃ 250 MeV/c.
Experimental results for the reactionpd→π + 2π − p are presented in Fig. 12 . Again, the squares are LEAR data [66] while the triangles are from the BNL [68] . Both data sets are normalized at proton momenta around 400 MeV/c and in such a way that the scale is roughly the same as in Fig. 11 . This allows us to compare the shapes of the spectator proton distributions for the two reactions. There is clearly a difference between those shapes forpd→2π + 3π − p andpd→π + 2π − p. Indeed one expects that the shape of the spectator momentum distribution depends on the momentum carried by the scattering meson and, consequently, that reactions with different final pion multiplicity would exhibit different shapes of the proton spectra. The more energetic pions from thepd→π + 2π − p reaction produce more energetic spectator protons in the rescattering. Qualitatively this follows from the rescattering amplitude of Eq. (3).
Again, forpd→π + 2π − p the experimental results are consistent at proton momenta above 250 MeV/c and disagree substantially at low momenta. As already indicated above, we applied kinematical cuts on the final pion momenta, similar to those discussed in Refs. [66, 67] , in the course of our investigation for the reactionpd→π + 2π − p as well as forpd→2π + 3π − p. But it turned out that those cuts do not resolve the disagreement between the data [66] [67] [68] at spectator proton momenta below 250 MeV/c. Fig. 11 . Proton momentum spectrum for thepd→2π + 3π − p reaction. The data are from Refs. [66] (squares), [67] (circles) and [68] (triangles). The dashed line shows the result from Eq. (2) taking into account s-and d-wave parts of the deuteron wave function while the dotted line is based on the s-wave component alone. The solid histogram is the full calculation including the nucleon exchange Born diagram and rescattering diagrams using the GWU/CNS πN partial-wave amplitudes [71, 72] for TM . Fig. 12 . Proton momentum spectrum for thepd→π + 2π − p reaction. The data are from Ref. [66] (squares) and [68] (triangles). Same description of curves as in Fig. 11 .
Let us now come to the results of our model calculation and first discuss the normalization, which is a somewhat delicate issue. From a theoretical point of view it should be done preferrably around the peak in the distribution at low momenta where the spectrum is dominated by the Born diagram and the s-wave component of the deuteron wave function. But this is exactly the region where the experimental uncertainty is very large. Thus, we decided to normalize our results also in the plateau region, i.e. around 400 MeV/c. Note that the normalization is done for the full calculation. The relative size of the momentum distribution at the peak as compared to the plateau is fixed by the ingredients of the model alone, i.e. the contributions of the Born diagram and from the rescattering diagram. There is no additional normalization constant involved here.
The dashed lines in Figs. 11 and 12 correspond to the contribution from the nucleon-exchange Born diagram given by Eq. (2). Interestingly, our predictions for low momenta agree well with the data of [67] (forpd→2π + 3π − p) and [66] (forpd→π + 2π − p). For proton momenta above 200 MeV/c all data show a substantial enhancement with respect to the predictions based on the Born term alone. For illustration purposes we show here also results using only the s-wave part of the deuteron wave function (dotted line). There have been some speculations that the enhancement at higher momenta could indicate an excitation of the short range component of the deuteron wave function [73] [74] [75] [76] [77] . But, in any case, a simple renormalization of the d-wave contribution would not reproduce the observed shape of the spectator proton distribution around the plateau, i.e. for p s ≃400 MeV/c.
The solid histograms in Figs. 11 and 12 are the results of our full calculation including the nucleon-exchange Born diagram and the rescattering diagram. But we should say that the off-shell corrections of Eq. (6), not considered in the present investigation, are known to lead to variations of the order of 30% or more in the absolute value of the rescattering contribution, though they do not effect the shape of the spectator proton distribution [31] .
Our results are in reasonable agreement with that of Ref. [31] , but are in contradiction to the conclusions of Ref. [78] , where the spectator proton momentum distribution is well reproduced by taking into account the Born diagram of Fig. 1a ) and pion absorption on the spectator nucleon. However, there is strong experimental evidence in favor of the rescattering mechanism: The invariant mass spectrum of the 2π + 2π − system from thepd→2π + 3π − p reaction was measured [67] for different cuts on the spectator proton momenta. If the final pions do not undergo rescattering, such cuts should not change the invariant mass distribution. But in the experiment it turned out that the 2π + 2π − invariant mass distribution depends substantially on the proton momentum cut when taken below or above p s = 200 MeV/c.
